Abstract-Compliant off-chip interconnects have both in-plane and out-of-plane compliance and are able to accommodate the differential deflection between the die and the substrate or between the substrate and the board, and thus can enhance overall reliability and life of a microelectronic system. A TriDelta compliant interconnect is being pursued at Georgia Tech as an alternate die-to-substrate or substrate-to-board interconnect. It is found that any geometry improvement that enhances the mechanical compliance will also adversely affect the electrical performance. Thus, the design of a compliant interconnect is a tradeoff between the mechanical and electrical performances. In this paper, we examine eight design variables to balance mechanical and electrical performance metrics of a TriDelta interconnect. These design variables are appropriately reduced to four and normalized. The method of normalization not only reduces the number of the design variables but also makes the response surfaces scalable with footprint size. The response surfaces are constructed for electrical resistance, inductance, and the von Mises strains using the central composite inscribed design points. The method of global criterion is used to scalarize this multiobjective optimization problem, and an optimization has been done using specified design and processing constraints as well as the ranges of the design variables. Based on the optimization results, it is seen that the TriDelta compliant interconnect geometry can be designed to meet all of the electrical, mechanical, and fabrication requirements. The developed methodology is applicable to a wide range of other compliant interconnects beyond what is presented in this paper.
I. INTRODUCTION

C
OMPLIANT interconnects can decouple the die from the substrate or the substrate from the board, but their electrical performance is inferior to those of solder bumps. This is because the compliant interconnects have longer path and narrower cross section than typical solder bumps used in microelectronic packaging. Any geometry improvement that enhances the mechanical compliance will also adversely affect the electrical performance. A number of different types of compliant interconnect have been pursued by [1] - [17] . These interconnects have one or more of the following limitations: high electrical parasitics, low in-plane and out-ofplane compliances, inadequate thermomechanical reliability, extensive processing steps, nonstandard processing steps, difficult assembly, nonuniformity, sequential processing, nonscalability, and so on. The multiarc compliant interconnects have been pursued in Georgia Tech. They have several electrical paths from the die pad to the solder ball to the substrate pad. Thus, these multiarc interconnects not only can increase the mechanical compliance but also provide relatively good electrical characteristics. Lee et al. [18] have also proved that the TriDelta compliant interconnect with second-order splines, shown in Fig. 1 , is the best among these multiarc designs, and it will be studied in this paper. Since the design of interconnect is a tradeoff between the mechanical compliance and electrical performance, this paper has developed a multiobjective optimization design method for the TriDelta compliant interconnect to meet the desired mechanical and electrical performance targets as well as the fabrication requirements.
II. DESIGN VARIABLES
The TriDelta compliant interconnect has three arcs, and the outer ends of the arcs will be connected to the die pad through columns, while the center of the arcs will be bonded to the substrate pad through solder. Fig. 2 shows the eight design variables that are considered in this paper: arcuate beamwidth, arcuate beam thickness, post diameter, post height, copper pad diameter, solder ball height, maximum solder diameter, and footprint defining the size of the interconnect. Hundreds of cases must be run for each design objective (electrical resis-2156-3950 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. tance, inductance, and so on) to construct the response surface based on these eight design variables, which is very time consuming but not necessary. Reducing the number of design variables will significantly help to simplify the design process.
A. Solder Ball Variables
The variables defined for the solder ball in Fig. 2 are copper pad diameter, solder ball height, and maximum solder diameter. However, these three variables are not independent. When the solder ball volume is given, the shape and dimensions of the solder ball in molten state during assembly can be determined using Surface Evolver [19] , [20] taking into consideration the surface tension of solder liquid, the applied assembly force, and the copper pad diameter (Fig. 3) . Thus, the number of design variables for the solder ball can be reduced from three (copper pad diameter, solder ball height, and maximum solder diameter) to two (copper pad diameter and solder volume). Thus, there are totally seven independent variables for the design of TriDelta compliant interconnects. Surface Evolver is an interactive program for determining liquid shapes subjected to surface tension and other forces under various geometric constraints (Fig. 4) .
B. Post Variables
There are two design variables, post diameter and post height, for the vertical posts, as shown in Fig. 2 . The three vertical posts are designed to provide the vertical stand-off height and thus the out-of-plane compliance. However, based on electrical capacitance considerations, the typical circular die pad has been replaced by an annular die pad, and the interconnect with the posts is placed on top of the annular Fig. 5 . When simulations were run to determine the out-of-plane and in-plane compliances with and without posts, it is seen that the presence of posts will contribute to 9%-15% of the compliance value, as outlined in Table II . Also, our previous work [21] based on the analytical solutions has shown that the arcuate beam has the most contribution to the compliance values. In addition, the posts increase electrical parasitics and add additional processing steps. Because of these reasons, the posts are removed in the modified design and the annular die pad is used to provide outof-plane movement of the compliant interconnect. Thus, the rest of this paper will not consider post variables, as these posts are not part of the modified compliant interconnect design.
In addition to the posts, the solder ball adds very little to the overall compliance of the interconnect. Simulations and analytical models show that an SnAg solder ball of 140-μm diameter and 70-μm stand-off height will have an out-ofplane and in-plane compliances of about 7 × 10 −5 mm/N and 3 × 10 −4 mm/N, respectively. These compliance values are four to five orders of magnitude less than the compliant interconnect compliance values, as outlined in Table II , and thus, Table II reports compliance values of the interconnects without considering the solder balls. Although the solder ball was not considered for mechanical compliance calculations, it was nevertheless included in electrical resistance and inductance analyses. Fig. 6(a) shows the compliant interconnect directly placed on the annular die pad without posts and Fig. 6(b) is the same compliant interconnect with fillets added to the sharp corners to reduce the stress concentration. Thus, with the removal of posts, there are five design variables for the compliant interconnect, which are copper pad diameter, arcuate beamwidth, arcuate beam thickness, solder ball volume, and footprint.
C. Normalized Design Variables
The compliant interconnects are designed to be applicable as the first-level interconnections between a die and a substrate, as well as the second-level interconnections between a substrate and a board such that the footprint of the compliant interconnects is a variable. To make our design method applicable to different footprint size, the variables are normalized by footprint dimension. The simulation also reveals that for a compliant interconnect with compliant values C in-plane and C out-of-plane , resistance R, inductance L, and the maximum von Mises strain ε (under specific displacement), the corresponding values will be C in-plane /N, C out-of-plane /N, R/N, L × N, and ε/N (under the same displacement) if the structure is scaled up by N. In this case, the footprint is the user selected/defined variable, and the other variables are to be calculated based on the defined footprint value and the optimization method developed in this paper. Therefore, only one set of response surface data is needed to be constructed by selecting a particular footprint value. By normalizing using footprint size, there are only four design variables under consideration, as shown in Table III .
III. RESPONSE SURFACE METHODOLOGY
Response surface methodology (RSM) consists of a group of statistical and mathematical techniques used to develop an adequate functional relationship between a response of interest y and a number of associated input variables denoted by x 1 , x 2 , . . . , x k . In general, such a relationship is unknown but can be approximated by a low-degree polynomial model. The second-degree model which is one of the most commonly used in RSM is used in this paper:
where β is a vector of unknown constant coefficients, and ζ is a random experimental error assumed to have a zero mean, and x = [V 0 , D 0 , W 0 , and T 0 ] is the design variable vector.
As the design of interconnect is a tradeoff between the mechanical compliance and electrical performance, this paper will take the compliance values C in-plane and C out-of-plane , resistance R (at low frequency), inductance L (at low frequency), and maximum von Mises strains ε (under specific displacement) as the design objectives. The analytical solutions for both the in-plane and out-of-plane compliance values have been developed in [21] based on the Euler-Bernoulli beam theory and the energy method, and thus, response surfaces are only to be constructed for R, L, and ε, respectively.
A. Design of Simulations
3 k factorial, central composite, the Box-Behnken designs are the most frequently used second-order designs [22] . The 3 k factorial design consists of all the combinations of the levels of k design variables with three levels each. As there are four design variables, there will be 81 simulations for each of the three design objectives, and thus, there will be 243 simulations for all three design objectives R, L, and ε with four design variables. Box-Behnken designs are rotatable and require a fewer runs than 3 k factorial designs and central composite designs (CCDs), but they are only good for a small number of design variables (four or less). Although there are only four design variables in this paper, future work may involve more design variables. Central composite designs, also known as Box-Wilson designs, are appropriate for calibrating full quadratic models. There are three types of CCDs-central composite circumscribed (CCC), central composite inscribed (CCI), and central composite faced (CCF), shown in Fig. 7 . CCF is fair over design space and poor for pure quadratic coefficients. CCC is good over entire design space, but it uses points beyond the predefined cube which might lead to nonphysical meaning design variables (i.e., negative arcuate beamwidth value). CCI is good over central subset of design space and is selected to construct the response surfaces for our paper.
B. Determination of Data Points for Design Variables
The ranges of the design variables are determined based on Table I , where the original design variables are calculated as D 0 = 0.2857, W 0 = 0.4714, T 0 = 0.9429, and V 0 = 2.3614. Table IV shows the ranges of the four design variables, which is able to make sure that all of the CCI experiment points are reasonable. The arcuate structures of the interconnect are designed to act as slender beams with the width to length ratio as well as the thickness to length ratio ranging from 50 to 10. For example, for an interconnect with its footprint equal to 140 μm, the arcuate structure width and thickness range from 3.5 to 16.8 μm if W 0 , T 0 ∈ [0.25, 1.2], while the arcuate beam length is 178.7 μm, as given in Table I . Any further increase in the width or the thickness of the arcuate structure will make it much less compliant. In addition, additional increase in width will make the arcuate structures to touch and interfere with each other upon loading. Similarly, further increase in the thickness of the arcuate structure will introduce fabrication difficulties as well as additional masking processes. Thus, the values provided in Table IV 
C. Response Surfaces for L and R
Both Fig. 8 and Table VI show that the developed response surfaces predict the inductance and resistance very well. The inductance and resistance values for the interconnect whose footprint is 140 μm can be calculated as
where βs are constant coefficients obtained for the inductance and resistance response surfaces, respectively, shown in Table VII . In addition, as discussed in the normalization section, the inductance and resistance for a compliant interconnect with arbitrary footprint size are
D. Response Surfaces for Maximum von Mises Strain
The solder ball contributes little to the compliance, so V 0 is not included in the two response surfaces for the maximum von Mises strain values ε, and both the number of the experimental points and the number of the coefficients are thus reduced. Fig. 9 and Table VIII show that the developed response surfaces predict the maximum von Mises strains 
where βs are constant coefficients obtained for the two maximum von Mises strain response surfaces, respectively, shown in Table IX . The von Mises strains for a compliant interconnect with an arbitrary footprint size under arbitrary amount of small in-plane displacement x or out-of-plane displacement y are
IV. MULTIOBJECTIVE OPTIMIZATION DESIGN METHODOLOGY
The design of the compliant interconnect under study involves maximizing both the electrical and mechanical performances. Ideally, the objectives to be considered in this paper are to minimize electrical resistance, inductance, and the von Mises strain and simultaneously maximize the in-plane and out-of-plane compliance values. However, increasing the compliance values requires smaller beam dimensions, which adversely affect the electrical performance. The tradeoffs between the electrical and mechanical characteristics require the use of multiobjective optimization, an area of multiple criteria decision making that involves minimizing or maximizing more than one objective function subject to a set of constraints.
A. Design Constraints
The constraints are mostly dependent on the specific application of the compliant interconnect under study. For example, the lower limits of the compliance values are to be set for the case where the planarity is the main concern. Much stricter constraints will be applied for electrical resistance and inductance where the electrical performance is the most important part. Thus, the following discussion is just to give a general idea on how to set the constraints.
Considering a case where 400-μm interconnect pitch is required, and the interconnect footprint is selected as 300 μm. From mechanical point of view, it is desirable to have the von Mises strain in the copper interconnect below its yield strain so that the interconnect will not plastically yield due to the differential displacement. However, it is not necessary to guarantee that the interconnect will always work within the elastic range. This is because plastic deformation under the thermal cycling is common, as the differential displacement under typical thermal cycling will exceed 1 μm used in the calculations so far. ε × E cu ≤ σ y /η is for enforced to make sure that the copper is working within the elastic range, where η is the safety factor. In addition, a compliance value of more than 2 mm/N in both in-plane and out-of-plane directions is desirable. From an electrical standpoint, the parasitics should be as small as possible, and these values are determined based on the intended application. The inductance of a typical wire bond is from 1 to 5 nH [23] and the maximum resistance of one C4 bump is about 1 m , so we will set 0.1 nH as the limiting value for electrical inductance and 20 m as the limiting value for electrical resistance in this paper. When considering the fabrication process, the beam thickness is preferred to be less than twice of the beamwidth. Given these considerations, the constraints are
B. Multiobjective Optimization Through the Method of Global Criterion
The sensitivity plots of the out-of-plane compliance value and electrical resistance with respect to arcuate beamwidth and thickness for an interconnect with a footprint equal to 300 μm are presented in Figs. 10 and 11 , respectively. It can be seen that both the out-of-plane compliance and the electrical resistance decrease with the increase of the arcuate beamwidth and thickness. However, a good interconnect design requires lower electrical resistance but higher mechanical compliance. Therefore, there does not exist a single solution that simultaneously optimizes all objectives in our paper. This paper will convert the original problem with multiple objectives into a single-objective optimization problem. There are several methods to scalarize multiobjective optimization problem, including linear scalarization, a priori methods, and a posteriori methods. The method of global criterion [24] is used in our paper as
where . can be any L p norm, with common choices, including L 1 , L 2 , and L ∞ , because this optimization method does not require any preference information to be explicitly articulated by a decision maker. To apply it into our paper, the following objective function is constructed if the L 2 norm is used, as shown at the bottom of this page, where R ideal is the minimum possible resistance value within the ranges of the four design values, L ideal is the minimum possible inductance value, ε ideal x and ε ideal y are the minimum possible von Mises strain values under in-plane displacement x and out-ofplane displacement y, and C ideal in-plane and C ideal out-of-plane are the maximum possible in-plane and out-of-plane compliance values. This global criterion is sensitive to the scaling of the objective function, and thus, the objective function is normalized into a uniform, dimensionless scale, as shown at the bottom of this page.
C. Optimized Compliant Interconnect Geometry
Based on the upper and lower limits of various design variables, the analytical solution for the compliance values [21] , response surfaces for the von Mises strains, resistance, and inductance, seven imposed constraints for design and processing conditions, and the dimensionless scalarized objective function, the optimized values for the design variables of the compliant interconnect geometry are obtained. The results are shown in Table X . It should be noted that the solder ball volume is calculated to have the minimum value V 0 = 2, because the solder does not contribute to compliance value but will increase the electrical parasitics. According to the constraints set previously, V 0 = 2 is apparently the best choice. However, smaller solder ball size might lead to assembly issues, e.g., the nonwetting, and the constraints on the solder ball volume can be added dependent on the particular assembly requirement. Table XI shows the starting design variables of the compliant interconnect, and the maximum von Mises strain under in-plane (x) and out-of-plane displacements, the self-inductance, the resistance, and the in-plane and out-ofplane compliance values for the starting design variables. As observed, the interconnect does not meet the constraints for compliance and the compliance values are less than the minimum requirement of 2 mm/N. Table X presents the optimized design variables, and it is observed that all of the constraints are met. Furthermore, it is observed that when the mechanical compliance exceeds 2 mm/N, the von Mises strain also decreases compared with the unoptimized interconnect design. Also, it can be observed that with better mechanical metrics, the electrical resistance and inductance have increased, as would be expected. However, the increase in electrical metrics is still within the constraints outlined earlier. Thus, through the RSM, an interconnect design is obtained that meets all of the constraints. In addition, separate simulations were carried out using the optimized design variables, and the results obtained from such simulations are compared against the values suggested by response surfaces, as shown in Table X . It is observed that the relative error is only 4%-15%. 
V. CONCLUSION
A multiobjective design optimization of TriDelta compliant interconnect is presented in this paper. A discussion on reducing the number of design variables and selecting the most important design variables are first presented. This helps to reduce the total number of design variables from eight to five, which significantly reduces the number of simulations needed for developing the response surfaces. The design variables are normalized using interconnect footprint dimension, and thus, the process not only normalized the design variables but also reduced the number of design variables to four. This method of normalization makes the response surfaces constructed for a particular footprint size applicable to interconnects with arbitrary footprint size. After identifying the limiting values of the design variables, response surfaces are constructed for inductance, resistance, and the von Mises strains based on CCI simulation points. The response surface creates 0.074% average relative error for inductance, 6.46% average relative error for electrical resistance, and 2.93% and 4.89% average relative errors for the von Mises strains when subjected to in-plane and out-of-plane displacements, respectively. Finally, the method of global criterion is used to scalarize this multiobjective optimization problem. An optimization has been done under the specified constraints and the ranges of the design variables, and the results show that the interconnect geometry can be designed such as to meet the electrical and mechanical requirements, as well as the fabrication constraints.
This paper has employed RSM for optimization, rather than coupling the optimizer with the commercial finite-element software. RSM is simple and can determine responses for a combination of input variables a priori. To construct the response surfaces, 25 simulations are done for the inductance and resistance and 15 simulations are done for determining the von Mises strain under in-plane and out-ofplane loading conditions. Compliance values are computed analytically. Thus, no further simulations are needed and the optimization process involves polynomial evaluations whose evaluation times are negligible, once the response surfaces are constructed. During the optimization process using RSM, the total number of points where objective function evaluations take place is more than 200. This indicates that if one were not to use the RSM, there will be at least 200 simulations each for the inductance, resistance, and the von Mises strain values under in-plane and out-of-plane loading conditions. Thus, more than 800 simulations will become tedious and time consuming, especially when multiple software packages are used for mechanical and electrical analyses, and when each simulation takes multiple load steps as in thermal cycling simulations. Furthermore, each new optimization process with different design constraints will request another hundreds of simulations. The number of simulations here is approximate and is intended to give an idea of the scope of the problem.
The methodology introduced in this paper gives a framework for the design of compliant interconnects. Future work will include other design objectives such as thermal cycling fatigue life and drop impact performance to be able to further optimize the TriDelta compliant interconnect geometry. The methodology, presented in this paper, is not restricted to the TriDelta compliant interconnect, but can also be applied for the design of other compliant interconnects.
